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A research topic of great interest to the space physics community is the observation of plasmas flowing at hundreds of kilometers 
per second in the Earth’s plasma sheet. Although considerable effort has been made to understand the source of fast-flowing 
plasmas, many questions remain unanswered about the mechanisms that produce high-speed flows and the effects they have on 
magnetospheric disturbances, especially their contributions to magnetospheric convection and substorms. In this paper, we discuss 
briefly the history of high-speed flows and review the proposed mechanisms, signatures of high-speed flows in auroras and their 
interaction with the background plasma. We then summarize the relationships between high-speed flows and magnetic structures, 
discuss questions associated with substorms, and finally pose several important scientific questions that need to be addressed. 
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1  High-speed flowing plasma in the plasma  
sheet 
The Earth’s magnetosphere is formed by the interaction 
between the solar wind and geomagnetic field. The inter-
connection of the interplanetary magnetic field (IMF) with 
the geomagnetic field at the magnetopause and subsequent 
reconnection on the nightside leads to the formation of a 
long geomagnetic tail. The plasma sheet is a region of 
closed field lines inside the magnetotail. An imbalance of 
the reconnection processes can produce a large amount of 
energy stored in the tail lobe region. This energy is released 
when substorms occur with dramatic changes in magnetic 
structures in the magnetosphere and the acceleration of par-
ticles to high energies. High-speed (several hundred km/s) 
plasma flows are usually observed during these times. 
                      
*Corresponding author (email: suiyanfu@pku.edu.cn) 
Fast-flowing plasma events in the magnetotail were first 
observed in the plasma sheet boundary layer (PSBL) in the 
late 1970s [1]. Later, using data from AMPTE/IRM, Baum-
johann et al. [2] reported observations of high-speed flows 
in the inner central plasma sheet (ICPS). The results showed 
that the occurrence rate of high-speed flows in the ICPS 
exceeded those in the outer plasma sheet (OPS) and PSBL. 
The term bursty bulk flow (BBF) was first used by An-
gelopoulos et al. [3] to describe the high-speed plasma flow 
events. They found the BBFs in the ICPS were correlated to 
the auroral electrojet (AE) index and solar wind conditions. 
According to AMPTE/IRM and ISEE2 data, BBFs in the 
ICPS mainly occur during active periods of the magneto-
sphere and have an average duration of ~10 min [3,4]. The 
data also indicated that the occurrence probability of BBFs 
increases as the AE index increases. To date, there is no 
precise definition of high-speed flows and researchers usu-
ally apply their own criteria based on the physical problems 
they are studying. However, if the bulk speed of protons is 
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higher than 300–400 km/s, it is generally considered as a 
fast-flow event. The bulk speed is sometimes referred to as 
the plasma flow speed perpendicular to the local magnetic 
field direction. Both field-aligned and convective high- 
speed flows have been studied [5]; however, the convective 
flows are more important in substorm research. A fast-flow 
event that lasts longer than 10 min is called a BBF event, 
while events with a time scale of a few minutes or tens of 
seconds are referred to as flow bursts. 
It should be noted that the bulk flow speed of the parti-
cles is not measured directly but is calculated from the dis-
tribution of particle fluxes. Chen [6] reported that if the 
flow speed of ions is used as the only criterion for 
high-speed flows, then when the distribution function devi-
ates from the Maxwellian distribution, the effect of integra-
tion could yield high speeds even though there is no real 
bulk flow. In addition, Lee et al. [7] showed that when par-
ticles are moving near a boundary, the integration effect 
could lead to a non-zero speed in some direction. Therefore, 
the distribution functions must be carefully studied when 
high-speed flow problems are studied.  
1.1  High-speed flows in magnetic convection and  
substorms  
High-speed flows are observed in only 10%–15% of the 
data obtained by satellites traveling through the plasma 
sheet [4,8]. The total energy transported by high-speed 
flows accounts for about 10% of energy released by sub-
storms. In addition, observing a high speed-flow event does 
not necessarily mean there is a substorm in progress [9,10]. 
However, because most of the time the convection speed in 
the plasma sheet is relatively low [11,12], the general view 
is that high-speed flows play an important role in plasma 
convection and studies of high-speed flows have been 
closely tied to substorm research.  
A traditional theory of plasma convection has tried to 
explain the so-called “pressure catastrophe” issue [13]. 
When the plasma moves toward the Earth under the influ-
ence of the convective electric field, a sufficient amount of 
magnetic flux must also be transported to account for the 
dipolarization effect. The scale of the high-speed flows and 
magnetic flux they transport with them help us estimate the 
contribution of high-speed flows in the whole convection 
processes.  
It has been reported that high-speed flows are small-scale 
structures, forming filaments in the plasma sheet [14] (Fig-
ure 1). Angelopoulos et al. [15] showed that the scale of a 
single BBF in the geocentric solar ecliptic (GSE) Y-Z plane 
is less than 3 RE. Slavin et al. [16] suggested that the scale 
of BBFs during the substorm expansion phase have scale 
lengths close to 5–10 RE. On the basis of the velocity gra-
dient observed by Cluster, Nakamura et al. [17] found the 
average scale of BBFs to be 2–3 RE in the dawn-dusk direc-
tion and 1–2 RE in the north-south direction. 
 
Figure 1  Schematic illustration of high-speed flows in the plasma sheet 
(after Sergeev et al. [14]). 
Using multi-satellite observations and comparing the re-
sults with those from single-satellite observations, Cao et al. 
[18] found (with data recorded by three satellites) that the 
average duration of BBFs is ~18 min, which is longer than 
the 10 min obtained by single-satellite observations. They 
also showed that BBFs are not observed in ~4.5% of sub-
storm events, which is much lower than the 22% deduced 
from single-satellite observations. The contribution of high- 
speed flows to the convective flow from single-satellite ob-
servations is very likely to be underestimated. 
The earthward flowing high-speed flows can transport a 
large amount of magnetic flux that could lead to a magnetic 
field pileup [19–21]. Baumjohann et al. [22] suggested that 
the dipolarization and the tailward retreat of the dipolariza-
tion region are due to the braking of the high-speed flows. 
From AMPTE/IRM observations, Shiokawa et al. [23] de-
termined the distribution of high-speed flows and showed 
that the occurrence rate is much lower in the region 13 RE < 
|X| < 15 RE, and thus proposed that the current produced by 
the braking of high-speed flows, which is opposite in direc-
tion to the cross-tail current, could lead to current interrup-
tion and a substorm onset. However, although the braking 
of high-speed flows may set up a current system similar to a 
substorm current wedge, it cannot evidently produce a 
westward current jet sufficient to produce a real substorm 
[24]. Recently, Pu et al. [25] proposed that when high-speed 
flows produced by reconnection in the middle tail reach the 
near-Earth plasma sheet, they can cause instability leading 
to current disruption and triggering of the substorm expan-
sion phase.  
Because high-speed flows are often observed during sub-
storm activity, many works have focused on their counter-
parts in the aurora. Fairfield et al. [26] studied the correlation 
between substorms and high-speed flows at X > –15 RE. Ieda 
et al. [27] showed that when GEOTAIL observed a 
high-speed flow at X < –20 RE, the footprint of the satellite 
mapped to a local brightening region of the aurora or north of 
it. Nakamura et al. [28] suggested that short-lived high-speed 
flows at 10–30 RE are closely related to local auroral breakup, 
and the active aurora can be explained by the current system 
formed by the velocity shear at the boundary of the flows 
[29] (Figure 2). Yahnin et al. [30] studied 15 flow-reversal 
events in the plasma sheet and showed that when the flow 
changed from tailward to earthward, the corresponding aurora 
moved poleward of the satellite foot-point. In addition, 
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Figure 2  Field-aligned current and auroral signatures related to high- 
speed flows (after Nakamura et al. [32]). 
more and more observations have now shown a close rela-
tionship between high-speed flows in the plasma sheet and 
the north to south streaming auroral structures [31–34]. 
However, there is still debate about the relationship be-
tween flows and auroras. Using POLAR observations, Shue 
[35] showed that almost half of flow events had weak auro-
ral activity and that high-speed flows can be observed dur-
ing periods of very low activity. Moreover, the occurrence 
rate of high-speed flows is not much different for active and 
quiet conditions [36]. Shue et al. [37] proposed that 
high-speed flows can be divided into two groups based on 
the level of auroral activity. He suggested that for 
high-speed flows at X = –10 RE, the energy fluxes of aurora 
change rapidly, showing that this kind of flow event can 
greatly enhance the nightside auroral intensity, and at the 
same time, typical auroral substorm signatures can be ob-
served. On the other hand, high-speed flows at X <–15 RE 
will accompany relatively mild variations of the aurora, 
with obvious poleward expansion and signatures of 
pseudo-breakups. Some of the flows in this second group 
will continue to move earthward, causing substorm onsets at 
later times.  
1.2  Formation of high-speed flows and relation with  
magnetic structures  
Reconnection is an effective process for transforming mag-
netic energy into kinetic energy. High-speed flows are often 
thought to be produced by reconnection in a localized re-
gion of the plasma sheet. Using data obtained by 
AMPTE/IRM and ISEE2, Angelopoulos et al. [4] found that 
most tailward flows are at around X = –19 RE. According to 
the direction and magnetic field signatures associated with 
high-speed flows observed by Geotail, Nagai et al. [38] 
concluded that the near-Earth reconnection sites are located 
in the region 20–30 RE in the tail.  
There is great debate on whether high-speed flows are 
produced only by reconnection. Lui et al. [39] suggested 
that in the current-interruption region, the imbalance can 
also induce earthward flows. Since dipolarization is ob-
served together with high-speed flows, the flows observed 
in the near-Earth region could also be thought of as possible 
dipolarization effects. Earthward flows could also be ex-
plained by the theory of the “plasma bubble” proposed by 
Chen and Wolf [40]. Plasma bubbles are often low-density 
structures that move earthward under the effects of the po-
larization electric field. 
Early in the 1980s, tailward flowing magnetic structures 
and plasmoids were studied using ISEE-3 observations, and 
more research has been done since the launch of Geotail. In 
the meantime, earthward flowing plasmoids or magnetic 
structures have also been observed [41,42]. Plasmoids are 
observed singly or in groups [41,43]. Frequently, the ob-
served flux ropes are believed to be evidence of a 
near-Earth multi-X line reconnection process that can pro-
duce more than one plasmoid in the plasma sheet. It is im-
plied that the position of the reconnection site affects the 
moving direction of the structures [44]. The multi-X line re-
connection model has also been supported by multiple flux 
rope structures observed by Cluster and Double Star [45].  
Although much has been learned about magnetic struc-
tures and high-speed flows, the relationship between them is 
still unclear. High-speed flows are thought to be magnetic 
structures since the plasma parameters are similar for flows 
and structures [24]. Slavin et al. [41] suggested there is a 
close relationship between these two and divided the flux 
rope events into “BBF-type” and “Plasmoid-type” events 
(Figure 3). They found that flux ropes with a scale of 2–5 
RE could be observed every 5 hours. Magnetic disturbances 
are observed immediately after or just inside the flow. 
About 60% of the observed structures could be explained by 
a force-free model. According to their model, the BBF-type 
structures would have an average scale of 1.4 RE with a 
field of 20 nT in the center of the structure, while for plas-
moid-type structures, the magnitudes are 4.4 RE and 14 nT. 
Slavin et al. [41] also analyzed a BBF structure with a scale 
of 1 RE and concluded that this structure was not force-free 
because it had apparently interacted with the background 
plasma. Tailward flowing structures form plasmoid struc-
tures that are often observed in the magnetotail during sub-
storms [46]. There are also other ideas in which the mag-
netic field variation is thought to be the result of interaction 
with the background, but not necessarily a part of the mag-
netic structure or flow.  
1.3  Interaction of high-speed flow with the background 
plasma 
Observations indicating interactions between high-speed  
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Figure 3  Magnetic structures and high-speed flows in the plasma sheet 
(from Slavin et al. [44]). 
flows and the background plasma have drawn more and 
more attention recently. These include the observations of 
reverse flows near the flow flank region, magnetic flux 
pileups in the near-Earth region and dipolarization proc-
esses. It has been reported that the By component often ob-
served before the high-speed flows is evidence of vortex 
structures in the flow boundary [47]. High-speed flows are 
also thought to be the source of some of the large-scale 
wave-like phenomena observed in the plasma sheet [48].  
By carefully comparing tailward and earthward flows, 
Ohtani et al. [49] showed that earthward flows are often  
accompanied by magnetic-field dipolarization. He showed 
that a weaker Bz and enhanced number density are observed 
before dipolarization, while a deceased density and increased 
temperature are observed at dipolarization. Both the ion 
pressure and total pressure were observed to decrease during 
the high-speed flows. For the tailward flows, the changes in 
plasma parameters are the same but not as rapid as those for 
the earthward flows. The rapid changes in earthward flows 
could be a consequence of braking induced by the stronger 
magnetic field on the earthward side, while such obstacles are 
not encountered in the tailward flows.  
The boundary region formed when the high-speed flows 
decelerate has strong electric field fluctuations (Figure 4), 
and the particle energy spectra can differ within the scale of 
the ion Larmor radius [50]. The formation and transporta-
tion of the dipolarization front is a new research topic. Rich 
wave modes from low-hybrid frequencies to electron gy-
rofrequencies have been found at the boundaries [51]. It is 
still unclear if these dipolarization fronts are independent of 
or related to the braking of high-speed flows.  
 
Figure 4  Electric field disturbances observed in front of high-speed flows (from Sergeev et al. [50]). 
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1.4  Ion composition in high-speed flows 
Oxygen ions (O+) from the Earth’s ionosphere can be ob-
served in the plasma sheet during periods of geomagnetic 
disturbance [52]. Kistler et al. [53] showed that the number 
density and pressure of O+ in the plasma sheet can be five 
times that measured during non-storm periods. The different 
behaviors of O+ ions and protons are thought to be due to 
the different dynamical processes they undergo in the re-
connection region due to the different gyroradii of the parti-
cles. In studies of the energetic particles in flows it has been 
shown that compared with the background plasma popula-
tion, earthward high-speed flows have a relatively low ratio 
of O+/H+, while the ratio is higher for tailward flows [54]. It 
is still not known how the results will be different when 
reconnection occurs in an oxygen-rich plasma sheet. Shay et 
al. [55] suggested that there will be new scales in the re-
connection with three-component plasma including O+ ions, 
namely magnetic disturbances related to “heavy whistlers” 
and velocity disturbances of the scale corresponding to 
“heavy Alfvén waves”. They predicted that the speed of 
outflow from the reconnection region could be a factor of 2 
slower than that expected based on the reconnection rate 
with only H+ present. According to their theory, the expan-
sion phase of substorms will take longer and less lobe mag-
netic flux will be reconnected in the same amount of time. 
These implications of the theory need more observations for 
verification. 
2  Important scientific problems and summary 
Although high-speed flow events have been observed for 
more than 20 years, there is still much ongoing research into 
the formation mechanism and the effects of the events on 
magnetosphere convection and substorms. More research is 
needed to better our understanding of the related physics. 
Important questions to be answered include whether there 
are other mechanisms that produce high-speed flows in ad-
dition to the reconnection mechanism; whether high-speed 
flows are simply a kind of magnetic structure; how the 
scale, speed and parameters of plasma flowing toward the 
Earth evolve in time; how the background plasma affects 
the high-speed flows; whether the braking effect is the same 
as near-Earth dipolarization; whether dipolarization is more 
frequent during strong geomagnetic disturbances and closer 
to the Earth; whether high-speed flow events have the same 
auroral signatures as magnetic structures; and what the in-
fluence of O+ ions is in reconnection and substorm trigger-
ing processes. 
The apogee of Cluster is about 20 RE, and the four satel-
lites will observe the plasma sheet many times during their 
lifetime. Four satellites orbiting close together make it fea-
sible to study small-scale structures and their dynamics. 
With the help of Double star observations, it is possible that 
a larger-scale picture can also be obtained at the same time. 
THEMIS was designed to study substorm models with five 
satellites lined up in the plasma sheet. THEMIS also pro-
vides a good opportunity to study the evolution of multi- 
scale high-speed flows and magnetic structures. Moreover, 
the THEMIS ground-based observatory can provide rich 
observations of aurora. These observations studied system-
atically could provide a deeper understanding of the physi-
cal process. 
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